Introduction
With the advent of the next linear collider (LC), center-of-mass energies will rise up to several hundred GeV and the envisioned luminosity will be as high as 300 fb −1 . Evidently, a new era of precision physics is approaching. The experimental precision which can be achieved at such a machine will by far exceed all current standards and will be a challenge to experimentalists and theoreticians alike. To obtain reliable predictions for the next generation of linear colliders, the inclusion of electroweak one-loop corrections becomes essential.
Two-fermion production processes, such as
play a leading role at typical LC energies as foreseen by [1] . In the late seventies the one-loop correction to muon-pair production was calculated for the first time [2] , where the muons were considered to be massless. Ever since, fermion-pair production processes attracted attention and various masses were successively introduced into the calculation. Recently, a high degree of computational precision was achieved in numerically comparing various results on radiative corrections to top-pair production (see [3, 4] and references therein). Such comparisons are invaluable to ensure the establishment of reliable, welltested codes.
Here, we extend the study [3] to other final states. In this particular comparison we do not include hard bremsstrahlung. This issue has been discussed in detail in [4, 5] and will be calculated for realistic applications by dedicated Monte-Carlo programs for 2-to 6-fermion production [6, 7, 8] .
2 Cross-section formulae
Notation and conventions
In this section, we will outline the framework to compute electroweak corrections to differential and total cross-sections in O(α) of the electromagnetic coupling. This includes one-loop amplitudes as well as soft-photon bremsstrahlung. In a 2 → 2-particle process we follow the momenta and mass convention of Fig. 1 :
Unpolarized cross-section
We consider only the unpolarized cross-section and thus have to average over initial spin configurations (σ e ), sum over the final ones (σ f ), and add incoherently the number of colours (C f ) which cannot be distinguished:
The invariant transition amplitude M ef can be expressed in terms of a standard basis of matrix elements M i , containing all the kinematical information of the interaction, and the form factors F i , which account for the pure dynamical part:
Neglecting the electron mass
In this comparative study we are neglecting the electron mass m e in the purely weak contributions at the diagrammatic level, i.e. we neglect diagrams containing the electronHiggs Yukawa coupling, which is proportional to the electron mass. This simplifies the final expression significantly and minimizes the number of independent form factors. We do not neglect the electron mass elsewhere so as to safely compute the photonic corrections.
Structure of O(α) corrections
The hierarchy of contributions in the perturbative expansion of the 2 → 2 cross-section reads
Soft-photon contributions are added to remove the infrared singularities of the photonic self-energies, vertices, and boxes.
For the Born amplitude, an appropriate basis for the matrix elements is:
The differential Born cross-section finally reads
with the form factors
The one-loop calculations for the different fermion flavours are very similar: Only the W-W-box diagram is different for different values of the isospin of the final-state fermion (see Fig. 2 ). These weak box diagrams were suppressed in applications to LEP1 physics but started to become numerically important at LEP2. They were studied systematically e.g. in Section 2.2 of [9] and Section 5.4 of [10] , but a comparison with the published numbers is not straightforward. At the one-loop level, with the appearance of vertex and box diagrams, the Lorentz structure of the matrix element is enriched:
where the index k stands for the four possible combinations of {½, γ 5 } ⊗ {½, γ 5 } as in Eq. (10), leading to a basis of 16 elements. The one-loop contribution to the cross-section can be compacted in the following way:
with form factorsF
that include the corresponding kinematical terms from the product of matrix elements 1 together with the one-loop form factors F
(1) j,k , carefully defined in [5] and corresponding to the basis (16) . The explicit expressions for these form factorsF
(1) i are:
Many technical details of the underlying calculations have been described in [5, 11] .
Numerical results
In this section we present the numerical results for various final states at two typical LC energies: 500 GeV and 1 TeV. We performed two fixed-order calculations, i.e. no higher-order corrections such as photon exponentiation have been taken into account. The MPI Munich group performed a fully automated calculation using FeynArts [12, 13] and FormCalc [14] , where the fermionic structures were evaluated in the Weyl-van-der-Waerden formalism [15] rather than by introducing helicity matrix elements M j,k as outlined before. The numbers of the Zeuthen/CERN group are obtained from a partly automated calculation with Diana [16] and Form [17, 18] , using a Fortran code obtainable from [19] . Both codes use LoopTools [14] . We assume the same input values as were used in [3, 4, 5] . They are described in Tab. 1. Table 1 : Input parameter set.
The cross-sections shown below depend on the maximum soft-photon energy E max γ soft . This dependence should eventually cancel when hard-photon radiation is added, but only for sufficiently small values of E max γ soft . The value E max γ soft = √ s/10, which was used in the numerical evaluation, is by far too large if one aims at a high numerical accuracy after combination with real, hard-photon emission. It has been chosen here nevertheless because it ensures positive cross-section values of a realistic order of magnitude. Even for this large value, however, the numerical change in the combined soft-and hard-photon corrections compared to more realistic values of E max γ soft is at most few per cent at √ s = 500 GeV and few per mill at √ s = 1 TeV [4] .
The following differential cross-sections are compared: The main numerical results are documented in Tabs. 2-9. Compared to [3] , the agreement between our calculations for top-pair production has been improved by a factor 10 3 . This has been achieved thanks to a closer contact between both groups and a more methodological programming in the Fortran code Topfit. The agreement reaches now 11 digits of technical precision, for all flavours studied.
Finally, in Fig. 3 , we give an overview of the differential cross-sections for the different flavours at two typical collider energies. c) c production. d) t production. 
